The effect of pore morphology on the hydrogen-storage capacity of carbon materials at room temperature (298 K) has been studied using Grand Canonical Monte Carlo (GCMC) molecular simulation. Prototypical pore geometries such as slit pores and nanotubes were considered along with carbon foams and a random disordered carbon structure. Both physisorption and chemisorption models were considered in order to take into account the most favourable adsorption scenarios. Fluid-fluid and fluid-solid interactions were assumed to follow a Lennard-Jones-type potential.
INTRODUCTION
The recent interest in hydrogen as an alternative fuel has sparked a flurry of research into the technological aspects of its production and distribution. Numerous arguments have been advanced in its favour, including, but not limited to, its clean oxidation producing only water as a product, its sensible "heating values", and ultimately the reasonably well-established methods of production. Amongst the most problematic aspects of the hydrogen economy are its storage and transport, e.g. the storage of hydrogen is a key issue in on-board hydrogen-based fuel cells (Schlapbach and Zuttel 2001) . Adsorption has been seriously considered for this purpose, as the standard unit operations, i.e. liquefaction and high-pressure storage, are woefully impractical. Adsorption competes strongly with chemisorption in metal hydrides and chemical storage (e.g. in methanol or ammonia) as a viable storage options (Ding and Yakobson 2010; Yang et al. 2010; Dillon and Heben 2001) .
A commonly invoked benchmark for the adsorption capacities required to obtain a reasonable driving range in automotive applications has been given by the United States Department of Energy (DOE) that set a target of 6.5 wt% adsorption for 2010 and a more demanding 9 wt% for 2015. The full scope of the problem, however, is not only the kinetics and ultimate adsorption capacity, but most importantly the kinetics of desorption, as the storage is inherently cyclic. Chambers et al. (1998) reported a very high storage capacity up to 67% in graphite nanofibres, with a deliverable capacity > 40 wt%. Although no other research group has been able to reproduce or confirm these striking results, they stimulated a considerable interest in exploring the possibility of using carbon materials for hydrogen storage. Carbon nanotubes stood out as possible candidates for hydrogen adsorption due to their controlled (and small) pore sizes and their intrinsic high surface area (Dillon et al. 1997; 1 . Dillon et al. (1999 Dillon et al. ( , 2000 reported a gravimetric capacity of 5-10 wt% in carbon nanotubes at 77 K and 3.5-4.5 wt% at ambient temperature. In addition to activated carbon fibres and nanotubes, several researchers have suggested that microporous activated carbons with a very high surface area can adsorb relatively large quantities of hydrogen (Castro et al. 2010; de la Casa-Lillo et al. 2002; Meisner and Hu 2009; Sevilla et al. 2011; Lueking and Yang 2003) .
Several simulation studies using Grand Canonical Monte Carlo (GCMC) simulations have been reported, with the aim of explaining and understanding the underlying adsorption mechanism on carbon materials. Among these, the papers by Wang and Johnson (1998, 1999) stand out as some of the most comprehensive. These authors considered a detailed simulation model for the adsorption of hydrogen onto single walled nanotubes, including the quantum effects which are assumed to be relevant. Cracknell (2001a,b) considered both the physical and a hypothetical chemical adsorption of hydrogen in slit-shaped pores. Another study by Levesque et al. (2002) showed that ca. 0.8-1.60 wt% hydrogen can be stored in nanotubes at 293 K and 20 MPa. A simulation study by Rzepka et al. (1998) on idealized carbon slit pores and cylinders suggested that the maximum theoretically achievable capacity was in the order of 1.3 wt%. The disheartening conclusion of these initial results is that pristine carbon surfaces seem to be theoretically incapable of reproducing the experimental results of Chambers et al. (1998) . This is in contrast to DFT calculations which suggest that a high storage density could be achieved in carbon materials (Lee and Lee 2000; Chambers et al. 1998; Gupta and Srivastava 2000, 2001; . A detailed review on this issue can be found in the work of Strobel et al. (2006) .
Experimental results on nano-structured carbons with different textural properties suggest that the presence of nanopores in the region of 1-2 nm are crucial for the adsorption of hydrogen (Gadioua et al. 2005) . Panella et al. (2005) reported that hydrogen adsorption onto different types of carbons can be correlated exclusively with the surface area, regardless of the morphology. In contradiction to this, recent experimental results (Beyaz et al. 2010) point to the strong influence of the pore morphology on the ultimate performance of carbonaceous materials. Hence, it is not clear what, if any, morphological traits must be designed into any carbon adsorbent capable of being considered for hydrogen storage at room temperature.
During the past decade, the focus on the experimental side has shifted to the enhancement of the adsorption capacity of pristine carbon by doping nano-structures with metals such a titanium, lithium, boron and nitrogen (Zhu et al. 2004; Stephan et al. 1994) . Even minute quantities of these metals (and possibly other dopants) will have a profound effect on the electron density in the graphite sheets that constitute most porous carbon materials. The net effect is expected to be an enhanced solid-fluid interaction and ultimately a larger adsorption at room temperature than that observed with pristine carbons. The modelling of such a scenario could, in an effective way, be undertaken by considering an average increased solid-fluid interaction in a rigid adsorbent (An and Turner 2009) . This is the essence of the so-called "chemisorption" model proposed by Cracknell (2001a,b) which we consider in this work and is described in Section 2 below.
Very recently, carbon foams have been proposed as plausible novel materials for hydrogen storage, with some reports of very high hydrogen-storage densities in these materials even at room temperature (Singh et al. 2011) . These carbon foams are less anisotropic than a parallel array, which is stable and almost stiff in all directions (Ding et al. 2007) . It stems from this idea, and by comparison to apparently more successful adsorbents such as metal organic frameworks (MOFs) where the adsorbent structure is very open, that the morphology of the adsorbentunderstood as the three-dimensional placement of the surface atoms -might play a key role in the overall performance. The focus of the present work is thus twofold. Firstly, we wish to explore the effect that the nano-scale morphology has on the effective hydrogen adsorption by studying, under the same conditions, adsorption onto four different nanoporous shapes: a slit pore characteristic of the expected graphitic pore; nanotubes which form a unique onedimensional structure; an open nanoporous foam; and a random computer-generated model of a disordered carbon. The latter two models of nanoporous carbons go beyond the conventional models (slit and tubes) and, between the four, reflect the geometric, topological and surface heterogeneity that characterizes almost every form of nanoporous carbon. Secondly, we will consider adsorption based on a standard carbon-hydrogen potential and, following Cracknell, three plausible models with increasing interaction, mimicking the effect of the enhanced attraction theoretically achievable by appropriate dosage of the structures.
SIMULATION DETAILS
In this study, GCMC simulations are used to study the adsorption behaviour of hydrogen onto nanoporous materials. The grand canonical ensemble is the most appropriate for the study of adsorption systems; here the chemical potential (related to the activity or fugacity), the temperature and total volume of the system are kept constant and in equilibrium with a bulk phase (with no adsorbent present) at the same chemical potential and temperature. The total number of fluid molecules in the system is allowed to fluctuate and its statistical average is one of the relevant quantities of interest. A detailed description of the GCMC method is given in several textbooks (Nicholson and Parsonage 1982; Allen and Tildesley 1987; Frenkel and Smit 2002; Ungerer et al. 2005 ) and the reader is referred to these for further details. In our simulations, we have replaced the chemical potential by the more convenient variable activity, ζ i , as employed by Müller (2005 Müller ( , 2008 : (1) where Λ i is the de Broglie wavelength, which includes the contributions from the translational and rotational degrees of freedom, and k is the Boltzmann constant. The use of activity has the computational advantage that in the ideal gas limit it corresponds to the number density, while at intermediate densities it can be related by simple analytical expressions to the pressure. The reader is referred to Müller (2010) for details on the implementation of the simulations. As the pressures examined in this study may be in excess of 10 bar, we have performed a set of additional GCMC simulations at a fixed temperature, spanning the range of activities of interest in a simulation cell without any adsorbent, in order to obtain the relationship between the activity and the pressure, and thus obtain the corresponding average bulk density. The pressure was then found from an appropriate equation of state at the corresponding density and temperature.
We have studied all systems at room temperature, 298 K, where the interactions are assumed to be classical (as opposed to considering quantum effects). Kumar et al. (2006) showed that the quantum effect becomes significant for hydrogen only for temperatures below 100 K. In this study, all fluid-fluid and solid-fluid interactions have been modelled using the Lennard-Jones (LJ) potential:
(2) where u ij is the energy of interaction between a pair of ij central sites, labelled C for carbon atoms and H for hydrogen atoms (or molecules), and ε and σ are the parameters relating to the well-depth energy and the representative distance for the interactions, respectively (the latter is usually associated with an average diameter of a spherical segment). Two sets of fluid-fluid potentials are considered; the first set models hydrogen as an isotropic single-site LJ sphere (Buch 1994) while the second set (Cracknell 2001a) assumes that hydrogen is a dimer composed of two LJ sites. Taking a dumbbell model for hydrogen produced a negligible change in the results presented. Both potentials are essentially equivalent for all geometries, due to the relatively small H-H bond length; for this reason, only the simpler spherical model will be considered with σ HH = 0.296 nm and ε HH = 34.2 K. All solid structures described in the next section are composed of spherical sp 2 hybridized carbon sites fixed in space in the simulation cell with LJ parameters σ CC = 0.340 nm and ε CC = 28.0 K. The fluid-solid interactions are taken to conform to Lorentz-Berthelot rules, viz.
, σ CH = (σ CH + σ HH )/2. MC simulations were run up to 10 × 10 6 configurations. The first 2 × 10 6 configurations were used to ensure the equilibrium and then discarded, while the latter 8 × 10 6 configurations were used to calculate the ensemble averages. The usual periodic boundary conditions were applied in all three coordinate directions in order to mimic infinite-size systems. The chemisorption model here refers to the fluid-solid energy potential, cf. equation (1), arbitrarily increased to 2ε CH , 6ε CH and 10ε CH . 
NANOPOROUS STRUCTURES
In the following sub-sections, four nanoporous carbon models are described: (a) slit pore; (b) nanotube; (c) random structure; and (d) foam (see Figure 1) .
The slit-shaped pore model used in this study was assumed to be composed of three stacked planes of graphite separated between each other by an interlayer distance of 0.335 nm. The planes were infinite in size (due to the boundary conditions) and placed on each side of the pore. This slit pore can be approximately modelled using the Steele (1974) potential and, in this study, no significant differences were seen amongst the two (explicit and integrated) potentials.
The slit pore had a fixed pore width H = 1.5 nm. In this study, we define the pore width, H, as the distance between the centre of the carbon atom on one wall to the centre of the carbon atom on the opposite pore walls. It is important to mention that the definition of the pore width is ill-defined. A second commonly employed definition of the pore width considers the apparent distance between the surfaces of the walls. Assuming that this corresponds to the point of zero potential energy at the wall, one may define H′ as H -σ ss , where s refers to the solid atom. Furthermore, if one recognizes that the definition of a surface depends on the fluid molecule that interacts with the wall, a more appropriate definition of the pore width defined as the surface-tosurface distance would include the minimum distance of approach (Kaneko et al. 1994 ), z 0 = 0.8506 σ ss , whereby H″ = H -2z 0 + ε ff . Finally, one should recognize that the available volume (and thus the pore width) has to be defined in terms of the space available for the centre of mass of the fluid molecule; thus, the pore width would be defined as H″ = H -2z 0 . From the above discussion, it is obvious that any mention of pore widths must clearly specify the quantity defined.
An ideal model for a carbon nanotube bundle consists of parallel single walled carbon nanotubes (SWCNT) with an equal diameter, D. The carbon nanotube structure used in the present study contained six zigzag (16,0) nanotubes with an internal diameter of 1.255 nm (measured from the centres of the atoms). The diameter of the nanotube was chosen to be commensurate with the other structures. Only adsorption inside the nanotube was considered, i.e. the interstitial sites and exohedral adsorption were not considered. The effect of interstitial adsorption should be considered or dealt with separately, as the storage capacity in interstitial regions may be significant. Adsorption in nanotubes will be affected by other factors not considered here, such as the distance between the tubes, the geometry of the tubular arrangements and/or the polydispersity of the samples (Esteves et al. 2009) .
We have considered an in silico-generated random structure that can be taken as a model of real carbons. It was constructed from a collection of flat coronene-shaped graphitic basis units made up of 24 carbon atoms. The random structure was obtained by placing a number of these carbon building units in a simulation box, avoiding overlapping of the carbon units (Salih 2010) . No bridges formed between the structures and they were artificially fixed in space within the cell. Obviously, a number of realizations of this structure may be obtained by different placements of the basis units; however, the results (for the same density of basis units) seemed to be reasonably independent of the actual details. A unique realization depicted in Figure 1 was selected for the adsorption studies presented here, based on attempting to broadly achieve similar morphological properties as the other, better-defined structures (nanotubes and slits). Each individual carbon centre used throughout this work had the same properties (C-C spacing and intermolecular potentials).
Hypothetical three-dimensional carbon foams have been described by the group of Yakobson (Ding et al. 2007; Singh et al. 2011 ) by conceptually fusing SWCNTs of similar diameters in order to obtain a three-dimensional porous network. The particular carbon foam used in this study was obtained by welding an armchair (10,10) and a zigzag (17,0) SWCNT. The unit cell foam structure contained 970 carbon atoms and each carbon atom was defined by a single LJ site in the same manner as for the other models.
CHARACTERIZATION OF CARBON STRUCTURES
It is expected that the structure and shape of the pores will affect the storage properties of the carbon. Thus, in order to analyze and compare the effect of pore geometry on the storage capacity of hydrogen, we estimated two parameters that could reasonably be used to characterize the difference between the studied pore geometries: the accessible surface area and the available pore volume. These two parameters were determined using the geometric method proposed by Düren et al. (2007) . This method relies on a Monte Carlo integration technique where a probe molecule, in this case of size equal to the LJ molecular diameter of hydrogen (σ = 0.296 nm), is "rolled" over the framework surface. This technique involves random insertion of probe molecules around each of the framework atoms and a check for overlap with other framework atoms. The fraction of the probe molecule that did not overlap with other framework atoms was then used to calculate the accessible surface area (Düren et al. 2007) . Table 1 lists the results obtained for the adsorbents used in this study, where the surface area is expressed in terms of the available surface area per unit of adsorbent mass (m extreme scenario, basically adsorption between two isolated graphene layers, thereby inflating the results of both volumetric and gravimetric hydrogen adsorption. In the case of the random structure, the surface area is relatively large as each carbon atom of the coronene-shaped graphitic unit is accessible on both sides to hydrogen molecules during the adsorption process. It is important to note that this is a hypothetical structure, with no connectivity amongst the segments. The porosities of the samples, φ, expressed as the ratio of accessible volume to total unit cell volume, are also listed in Table 1 .
The gravimetric density of each structure is listed in Table 2 , from which it is seen that the foam structures were the most open (most porous), while the nanotubes seemed to possess the most closed structures. It should be noted, however, that since only endo-adsorption in the nanotubes was considered, the available area was smaller than expected. All the values obtained are only applicable for a molecular diameter probe molecule equal to the size of a hydrogen molecule and it is obvious that these values would change if other molecules were considered.
In the case of nanotubes and slit pores, the pore-size distribution can be determined analytically; however, in the case of random and foam structures, it is far from trivial. For the latter structures, we have estimated the pore-size distributions employing the procedure developed by Sarkisov and Harrison (2011). Here, a test point, a, is randomly placed in the simulation cell and tested for the overlaps with the structure atoms, making sure that the point is not inside an atom. If no overlaps are observed, the porous space is probed to find the largest sphere that contains point a and does not overlap with the atoms of the structure. The normalized distribution corresponds to the monotonically decreasing cumulative pore volume function, V p (r), which is the volume of the void space that can be covered by spheres of radius r or smaller. The derivative dV p (r)/dr is the pore-size distribution (PSD) and can be obtained via numerical differentiation of V p (r). In the present work, the pore-size distribution corresponds to the use of probe molecules with diameters up to 3 nm. Figure 2 shows the PSDs of random and foam structures obtained using the above procedure, along with that for the nanotube shown for comparative purposes. It will be seen that the PSD of the nanotube peaked sharply at H′ = H − σ CC = 0.91 nm, as expected. For slit pores, the pore width in these terms would be H′ =1.16 nm. Random carbon pores present a broad pore-size distribution extending over the range 0.17-0.83 nm, with pronounced sharp peaks at 0.71, 0.91, 1.05, 1.15 and 1.5 nm, respectively, indicating a fairly dense ultramicroporous carbon. Pores of < 0.3 nm diameter are not interesting, as their sizes are such that hydrogen molecules will be sterically excluded from entering the pores. The PSD plot, as a whole, suggests that the random structure is suitable for modelling complex carbons. It can be observed from Figure 2 that the PSD of the carbon foams obtained by welding a (10,10) and a (17,0) nanotube together is bimodal and much more discrete than the random structure. This is because the welding process retains the pore sizes of the parent nanotubes, but also gives rise to new pores of different sizes. We observe that, in carbon foams, there are predominant pores of sizes 0.85, 1.6, 1.8 and 2.0 nm, which are, in general, larger than the pores available in the other structures. The larger 2-nm pore corresponds to the centre of the tube crossings where the structure is more open, akin to the cages of zeolitic materials. Figure 3 shows the simulation results for the adsorption of spherical H 2 molecules at 298 K onto carbon structures with different pore geometries. In the case of slit pores, the gravimetric density has been expressed by assuming that the mass of the adsorbent corresponds to (i) all the carbon atoms in the three layers of graphitic sheets bounding the pore and (ii) only the carbon atoms in the two layers of graphitic sheets that are accessible to the hydrogen molecules. Gravimetric densities expressed in these two ways should provide some idea of the range of storage densities that can be obtained in a slit pore. The results obtained from the latter calculation represent the most optimistic case that provides the upper limit of the storage density in slit pores. This value has been used to compare the performance of slit pores with the other studied pore structures. The volumetric density of the slit pore was calculated by considering all the slit pores bounded by three layers of graphitic sheets. In the case of carbon foam, nanotube and random structures, the gravimetric density of the studied materials were obtained by considering the total mass of carbon atoms accessible to the hydrogen molecules. Additional simulations (not shown here) were performed for slit pores with H = 1.2 nm in order to compare our results with the results obtained by Wang and Johnson (1999a) using path-integral Monte Carlo simulation and by Cracknell (2001a) using GCMC. The results obtained were in agreement and suggest the appropriateness of the methodology employed. Wang and Johnson (1999a) and Cracknell (2001a) reported an absolute adsorption of ca. 1.5 wt% at 298 K and 100 bar pressure in a pore width of 1.2 nm, which is nearly equal to the 1.47 wt% at 97 bar pressure obtained in this study. In these calculations, the slit pores were taken as being composed of single graphite sheets, thereby artificially enhancing the results for the capacities and depicting a maximum, although very improbable, limit. No simulations have been performed for wider pores, as the pores capable of allowing only two or three layers of hydrogen gave the best performance from the perspective of adsorptive storage (Cracknell 2001a). In the case of physisorption in larger pores, the density in the centre of these pores is identical to the bulk gas density, so that increasing the pore width to larger values would not increase the excess adsorption in the pore (Wang and Johnson 1999b) . It can be observed from Figure 3 that, at the pressures studied, the amount of hydrogen adsorbed increased almost linearly with increasing pressure. The upper limit of the storage density in the slit pores for the best case scenario was obtained by assuming a pore bounded by a single layer of graphitic sheet. This showed that a slit pore was capable of storing ca. 50% more hydrogen than complex pore geometries like carbon foams and random structures, although this result was an artefact of the high surface area and low density of this hypothetical material. On considering more realistic morphologies for slit pores, e.g. three graphitic sheets bounding the pores [cf. the dotted lines in Figure 3(a) ], the results obtained showed that the gravimetric density was comparable to that for a random pore structure, but it was comparatively lower than in carbon foams.
PHYSISORPTION OF HYDROGEN IN NANOPOROUS STRUCTURES
The data depicted in Figure 3 show that the nanotube, having the lowest accessible surface area and accessible volume, could store only up to 0.32 wt% hydrogen at 298 K and 97 bar pressure. Under the same experimental conditions, slit-shape pores whose surface areas were roughly twice that of nanotubes stored 1.77 wt% hydrogen. This is roughly five-times greater than the storage capacity in nanotubes. A similar ratio was also observed between the storage capacity in slit pores and nanotubes at lower pressures.
Carbon foam, with a large free volume and surface area, was only capable of storing up to 1.4 wt% hydrogen at 97 bar pressure. Comparison of the storage density in carbon foam and nanotube arrays of nearly similar pore widths clearly indicated that adsorption was more favourable in carbon foams than in nanotubes. This work supports earlier claims that carbon foams show enhanced hydrogen adsorption due to the availability of attraction sites for hydrogen around the neck area of the foams (Singh et al. 2011) .
In the case of random pore geometry, despite the high accessible surface area, low framework density and high accessible volume, we found that only 1.04 wt% hydrogen could be stored in this structure, i.e. a lower amount than the maximum storage capacity of a slitshaped pore. This observation implies that the complex geometry and the random arrangement of the graphene planes within the cell oppose the arrangement of fluid molecules that might obstruct the movement of molecules inside the pores and they are least confined within the pore geometry.
Several researchers (Strobel et al. 2006; Nijkamp et al. 2001; Chu et al. 2006; Castro et al. 2010) have reported a linear dependence between the adsorption capacity of carbon materials and the storage capacity. Frost and Snurr (2007) showed in a theoretical study that, in molecular organic frameworks (MOF), a linear relationship exists between the surface area and the adsorption capacity at intermediate pressures and a linear relationship between the free volume and the storage density at higher pressures. The simulation results in this study imply that no such correlation exists between the accessible surface area and the amount adsorbed over the pressure ranges studied. The very weak solid-fluid interaction at the relatively high temperatures employed in the study suggests that a significant amount of the adsorption in micropores at low pressures is not exclusively dictated by surface adsorption, i.e. a considerable percentage of the molecules reside in the bulk-like open spaces of the structures. This can be observed for all structures in the low-pressure equilibrium configuration snapshots depicted in Figure 4 . As an example, the random structure, whose surface area far exceeded that for all the other structures, had a comparably low capacity. Similarly, the carbon foam exhibited the highest volumetric storage density. This is not surprising as the accessible volume is larger in foam when compared to slit pores. Although the results are obvious, they clearly imply that care should be taken when designing materials for energy storage, with both the free volume and the surface area being increased if high volumetric and gravimetric densities are to be achieved. In order to obtain a more clear insight at the molecular level, the excess adsorption was calculated as a function of pressure. The ensemble average of the adsorbed molecules <N> would be expected to be higher than that corresponding to the bulk density of the gas, ρ, so that subtraction of these quantities should represent the additional density of the gas arising solely from adsorption. This excess adsorption, Γ i (molecules/nm 3 ) is given by: (4) where V and φ correspond to the total unit cell volume and the porosity, respectively. Figure 5 shows the plot of excess adsorption versus pressure in different carbon structures, from which it is seen that no appreciable amount of excess adsorption occurred in any of the studied geometries. Apart from this general observation, Figure 5 shows that the pore structure had some effect on the excess adsorption, with the latter being noticeably higher in the more open structures such as slit pores and carbon foams. The excess adsorption observed for carbon nanotubes lies in between those for the carbon foam and a random structure. The excess adsorption in a random pore structure was very low relative to those in slit pores or other studied geometries. It is apparent that an increase in the surface area has little effect on the result. This is a counter-intuitive result, presumably as a consequence of the very weak solid-fluid interactions involved.
The simulation results for carbon foams have not been compared with experimental results in the present work as no such data were readily available. Recent work by Psofogiannakis et al. (2011) has shown that carbon foams have a very low storage density of 0.045 wt% hydrogen at 298 K and 20 bar pressure. Since the physical properties of the foam material employed by Psofogiannakis et al. (2011) were not described in detail, they might differ from the foam structure we have used for GCMC simulations. However, the observation of a low gravimetric density in foam from simulations seems to be in fair agreement with the experimental results.
A vehicle powered by a fuel cell would need approximately 3.1 kg H 2 for a 500 km range (Deluchi 1992) . Thus, the storage of this amount in a typical automotive tank would require a system density approaching 6.5 wt% and 62 g H 2 / (Deluchi 1992) . None of the defined geometries considered in this study would be capable of meeting this value by physisorption alone. 
CHEMISORPTION
The huge difference between the simulated results and some of the reported experimental isotherms clearly indicates that the adsorption process in these experimental systems might proceed by a mechanism other than physisorption. The high storage densities in some of these experimental systems might be due to forces stronger than the common dispersion forces. In the present study, we have attempted to understand how the force fields driving the adsorption process could be responsible for the high storage density. In order to achieve this, we artificially increased the solid-fluid energy depth by scaling the well depth of the solid-fluid interactions by an empirical factor. This follows the work of Wang and Johnson (1999a) , where they employed the scaled Crowell-Brown potential to study the chemisorption of hydrogen in graphitic fibres, and a similar approach employed by Cracknell (2001a). Thus, we have performed simulations with potential wells arbitrarily increased to 2ε CH , 6ε CH and 10ε CH , herein referred to as chemisorption 1, chemisorption 2 and chemisorption 3 potentials, respectively. For the sake of convenience, we call chemisorption 1 the weaker chemisorption and chemisorptions 2 and 3 the stronger chemisorption potentials.
The gravimetric and volumetric densities of hydrogen adsorbed at 298 K and 97.2 bar pressure in different nanoporous structures as a function of the fluid-solid energy potentials are listed in Table 2 . In the case of nanotubes, a two-fold increase in the solid-fluid potential drastically increased the gravimetric storage capacity achieved by physisorption from a value of 0.31 wt% to 1.1 wt%. A further increase in the solid-fluid energy had only a limited effect on the storage capacity. In terms of the volumetric density, the storage capacity of nanotubes increases from 12 g/ to 19.8 g/ for an increase in the solid-fluid potential from 2ε CH to 10ε CH . Although chemisorption greatly increased the storage capacity in nanotubes, they were still only capable of storing up to 1.79 wt% hydrogen, which is still 72% lower than the DOE target density.
The results of adsorption in carbon foam using chemisorption potentials are encouraging. Table 2 shows that increasing the energy potential from two-times to 10-times enhanced the gravimetric storage density from 4.47 wt% to 13.8 wt% and increased the volumetric density from 8.5 g/ to 91 g/ . These values are much higher than the DOE target values for hydrogen storage. Even when the C-H interaction potential is increased by six-fold, the foam structure stores up to 12.4 wt% and 80 g/ , which is much higher than the values of the DOE target densities for 2010 and 2015. These results show that the unique combination of accessible volume and surface area in the foam structure provides a path whereby both an increased gravimetric density and an increased volumetric density may be attained. This is a remarkable result, as none of the experimental or theoretical studies undertaken previously has described any plausible scenario or characteristic pore structure that could achieve high volumetric and gravimetric densities.
In the case of random structures, increasing the solid-fluid potential energy from ε CH to 10ε CH causes a significant enhancement in the volumetric storage capacity from 5.65 g/ to 57.33 g/ and an increase in the gravimetric storage density from 1.04 wt% to 9.64 wt% at 298 K and 97 bar pressure. The gravimetric storage density of 9.64 wt% is a very promising result as it exceeds the demanding DOE 2015 target. In the slit-shaped pore geometry, increasing the energetic well depth of the interaction from ε CH to 10ε CH increased the gravimetric storage capacity from 1.77 wt% to 8.29 wt% and the volumetric storage capacity from 8.55 g/ to 42.93 g/ . Our results showed that with a stronger chemisorption potential (chemisorption 3), it would be possible to store up to 8.29 wt% hydrogen at 97.2 bar and 298 K in a slit pore of width 1.5 nm, which is above the DOE target for 2010. However, the volumetric storage capacity was only ca. 42 g/ , much lower than the 2010 target and far away from the 2015 target. In the case of random structures, both the volumetric and gravimetric storage capacities at 97.2 bar were found to be relatively higher than in a slit-shaped pore. A low volumetric density in a slit pore is to be expected as the six graphene planes lying above the pore walls in the simulation cell increase the framework density by reducing the ratio of the accessible pore volume to the total cell volume. Figure 6 shows the excess adsorption as a function of the fluid-solid potential at 97.2 bar on different carbon structures. Increasing the solid-fluid potential significantly increased the excess adsorption in all the studied pore structures. The excess adsorption was considerably lower in nanotubes, which is an expected observation due to such structures having the lowest accessible volume. A significant increase in excess adsorption with increasing C-H interaction potential occurred in the more open pore structures that include the slit pore and carbon foam. Comparison of the physisorption model with the chemisorption potentials clearly indicates that a strong increase in fluid-wall energy would assist the confinement of hydrogen molecules irrespective of the complex pore geometry of the structure involved. In the case of physisorption, it should be remembered that the molecules would be confined to the smallest extent within complex pore structures. This clearly indicates that the excess adsorption can be increased by carefully designing the microporous carbons to provide some chemisorption sites, e.g. by doping with appropriate metal ions.
The design of hydrogen-storage materials demands that the system both charges and discharges rapidly and completely under near-ambient conditions (Dillon and Heben 2001) . However, chemisorption processes are usually associated with higher isosteric heats of adsorption. Thus, although a stronger chemisorption would increase the storage capacity of hydrogen at high pressure, it would also increase the isosteric heat of adsorption at low pressure and thus reduce the deliverable capacity of the storage material (a storage material can be considered useful when it can readily discharge the stored hydrogen at lower pressures ∼1.5 bar). In order to find the deliverable capacity, D capacity , by both pure physisorption and chemisorption, we performed 812 K. Vasanth Kumar et al./Adsorption Science & Technology Vol. 29 No. 8 separate GCMC simulations at a delivery pressure of 1.6 bar, with the difference between the amount adsorbed at 97.2 bar and 1.6 bar being used to estimate the value of D capacity for different solid-fluid energy conditions. The amount adsorbed at 1.6 bar by physisorption and chemisorption on different pore geometries and the deliverable capacity is listed in Table 2 .
The results listed in Table 2 above imply that, in the carbon structures (nanotube, random and slit-shaped pore), a weaker chemisorption potential (2ε CH ) is capable of delivering up to 0.801, 3.0 and 4.15 wt% hydrogen, respectively, at 298 K. The storage capacity of 4.4 wt% hydrogen in the carbon foams appears to be the maximum deliverable capacity that can be achieved in carbon structures at 298 K. Although this is still less than the DOE target value, it is higher than the value that can be achieved in this structure by physisorption alone (1.4 wt% hydrogen). The deliverable capacity in random and slit pore structures was found to be around 3-3.2 wt% hydrogen which is much above the deliverable capacity of these structures in the presence of physisorption alone. The deliverable capacity in nanotubes and random structures was very low and even lower than the deliverable capacity in slit-shaped pores by physisorption alone. This result implies that even if there were highly specific chemisorption forces, the carbon materials would not be suitable materials for intermittent hydrogen storage.
Chemisorption 2 and chemisorption 3 potentials were capable of delivering only 2.2 wt% and 1.2 wt% hydrogen in a slit-shaped pore. In nanotubes and random structure, a strong chemisorption 3 potential could deliver only 0.01 wt% and 0.93 wt% hydrogen, respectively, indicating that the usefulness of these materials as a hydrogen-storage medium would be questionable. A practical adsorption system should operate at 20 bar at 298 K. Estimations employing the Langmuir isotherm showed that at 20 bar pressure up to 7.76 wt% and 8.2 wt% hydrogen could be stored in slit-shaped pores for chemisorption 2 and chemisorption 3 cases, respectively. Similarly, for chemisorption 3, we found that up to 9 wt% hydrogen may be stored in random structures at 20 bar.
Up to now, we have discussed the usefulness of the carbon materials with different pore geometries on the basis of their deliverable capacity. In a practical case, these deliverable capacities attained by chemisorption can be increased by spending waste heat in the automobiles to desorb more hydrogen at atmospheric pressure. In order to explore this possibility, a simulation run for the case of chemisorption 3, at 1000 K and 1.6 bar, showed that up to 4.29 wt% or 21.3 g/ , 5.66 wt% or 32.25 g/ and 7.17 wt% or 43.8 g/ hydrogen was retained in slit, random and carbon foams, respectively. This corresponds to a deliverable capacity of about 4.0 or 21 g/ , 3.6 or 22.9 g/ and 6.1 or 43 g/ , respectively. A simulation performed for 1000 K at 1.6 bar with chemisorption 2 potential showed that the foam structure retained about 1.75 wt% hydrogen which corresponds to a deliverable capacity of 2.7 wt% or 7.26 g/ . Even though these values surpass the challenges of the energy required for desorption, the delivery capacities are woefully low.
The storage densities corresponding to chemisorption were obtained in this study using an increased energy well depth. We assumed that simulations with an increased energy well depth could help in the study of hydrogen molecules being chemisorbed onto different carbon structures. We acknowledge the fact that the chemisorption potential used in this study is artificial and arbitrary, and that there is no practical evidence to claim that molecular hydrogen would chemisorb onto the carbon surface. In spite of the assumptions used in this study, the chemisorption potentials gave some insight at molecular level about the effect of pore geometry and its usefulness in identifying suitable hydrogen-storage materials. In addition, the results obtained from physisorption and the arbitrary chemisorption models studied were found to be comparable with several experimental works reported by various research groups worldwide. In the case of random pore geometry (0.52 wt%) and slit-shape pores (0.59-1.5 wt%), the storage densities obtained by physisorption models were in good agreement with the storage density of 1.4 wt% in carbon nanofibres (Hwang et al. 2002) and of 1.1 wt% in microporous carbons reported in the work of Castro et al. (2010) . The storage density of 3.5 wt% hydrogen obtained in slit-shaped pores using the chemisorption1 model was found to be in good agreement with the value of 3.3 wt% hydrogen adsorbed in graphitic nanofibres reported by Huang et al. (2007) . Unfortunately, no experimental data are available for carbon foams to allow any statements to be made regarding comparison with our simulation results. Although it cannot be claimed that the forces between the carbon and hydrogen molecules are the same as those assumed for the chemisorption 1 model, our simulation results could explain the maximum or at least the range of storage density that could be attained in the carbon materials with or without these strong chemisorption forces. In fact, few experimental works claim a very high storage density (> 14 wt%) in graphitic materials, apart from the values reported in the works of Chambers et al. (1998) . None of the models -either the physically realistic models (physisorption models) or the hypothetical chemisorption models -used in this work could reproduce or explain these very high storage densities. In a review by Strobel et al. (2006) , it was claimed that practical hydrogenstorage capacities (< 3 wt%) had been found in a variety of nano-structured carbon materials. This seems to be in agreement with our results obtained using the chemisorption models. In fact, the few experimental works which have reported a storage density > 14 wt% are considered to be unlikely, as none of these high values has been subject to independent experimental verification. The group that reported a very high storage density of 53 wt% later reported a much reduced value of 3.8 wt% under the same experimental conditions, without any significant arguments for the difference (Lueking et al. 2004 ).
CONCLUSIONS
From a consideration of various carbons with different morphologies, it may be recognized that pore structures having a large accessible volume and a large accessible area will exhibit the highest volumetric and gravimetric hydrogen adsorption densities. The strong interaction forces due to (a hypothetical) chemisorption potential simultaneously increased the extent of adsorption and the pore-filling processes, cf. the snapshot depicted in Figure 7 overleaf where a structure which would otherwise have demonstrated very poor hydrogen adsorption is seen to be filled. The results obtained with a strong chemisorption model in a microporous carbon with an ultra-high surface area (> 4000 m 2 /g) show that, at least hypothetically, carbons could be used for hydrogen storage. In the case of chemisorption potentials, we observe that a larger free volume would lead to an increase in the volumetric density of the storage materials and this factor should be taken into consideration when designing storage materials.
Present hopes of obtaining viable adsorbents for hydrogen storage have focused on metal organic frameworks (Rosi et al. 2003) . These structures combine a very open scaffolding with unique high-energy sites. However, they suffer from several handicaps, which include chemical stability and cost. At least from a theoretical standpoint, carbon nanoporous materials could be an effective counterpart to these adsorbents if the appropriate structure could be found. In the present work, we have considered a series of model carbon structures which attempt to describe some of the existing and plausible morphologies. We have assumed that there are means of enhancing the solid-fluid attraction in a way that is mimicked by a chemisorption model. A recent theoretical study by Dimitrakakis et al. (2008) showed that doping the carbon structure with lithium cations could increase the gravimetric density to five-or six-fold that achieved by physisorption alone.
In any case, both the gravimetric and volumetric densities set by the DOE can only be attained with a proper design of the carbon pore structure. Carbon foam with the characteristic features employed in the present study could be one such candidate for achieving this target.
